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Abstract
The new portable ice nucleation chamber (PINC) developed by the Institute for Atmo-
spheric and Climate Sciences of ETH Zurich was operated during two campaigns PINC
II and III at the high alpine research station Jungfraujoch situated at 3580ma.s.l., in
March and June 2009, respectively. During this time of the year, a high probability 5
of Saharan Dust Events (SDE) at the Jungfraujoch has been observed. We used an
impactor with a cutoﬀ size of 1µm aerodynamic diameter and operated the system
at −31
◦C and relative humidities of 127% and 91% with respect to ice and water, re-
spectively in order to investigate the contribution of deposition freezing to mixed-phase
clouds and also to look at the number concentration of ice nuclei (IN) during a SDE. 10
The average IN concentration during PINC II was 8 particles per liter whereas during
PINC III, the average number concentration was higher up to 14 particles per liter. Two
SDEs were detected on 15 and 16 June 2009. Our measurements show that the SDEs
had IN number concentration up to several hundreds per liter. We found the best corre-
lation between the number concentration of the larger particle fraction measured by an 15
optical particle counter and the IN number concentration during a Saharan Dust Event.
This correlation factor is higher for particles larger than 0.5µm meaning that a higher
concentration of larger particles induced higher IN number concentration. No correla-
tion could be found between the black carbon mass concentration and the variations in
IN number concentration. 20
1 Introduction
Atmospheric aerosols contribute to the largest uncertainty in the global radiative forcing
since pre-industrial times (Forster et al., 2007). On one hand aerosols have the abil-
ity to scatter and/or absorb the incoming solar and terrestrial radiation (aerosol direct
eﬀect), e.g., Haywood and Boucher (2000). On the other hand, aerosols play a major 25
role in the formation of clouds, and govern their lifetime as well as their microphysical
23706ACPD
10, 23705–23738, 2010
Ice nuclei properties
at the Jungfraujoch
within a Saharan
Dust Event
C. Chou et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
properties. This has an inﬂuence on precipitation and also on the radiative budget
(aerosol indirect eﬀect), e.g, Lohmann and Feichter (2005). The ice phase in mixed-
phase clouds is of crucial importance, as 70% of the total precipitation forms via the
ice phase (Lau and Wu, 2003). Ice crystals in the atmosphere form via two pathways:
homogeneous and heterogeneous freezing. Homogeneous nucleation is signiﬁcant at 5
temperatures below −38
◦C. At higher temperatures the formation of ice in clouds is
triggered by heterogeneous freezing which is divided into four sub-processes: Immer-
sion, condensation, contact and deposition nucleation (Vali, 1985). Laboratory experi-
ments have shown that mineral dust is a good ice nucleus (IN) in both immersion and
deposition freezing mode (Mason and Maybank, 1958; Isono et al., 1959; Roberts and 10
Hallett, 1968; Schaller and Fukuta, 1979; Mangold et al., 2005; M¨ ohler et al., 2006)
and usually initiates nucleation at rather high temperatures and low relative humidities.
This statement is supported by ﬁeld studies (DeMott et al., 2003b; Richardson et al.,
2007; Klein et al., 2010) where high concentrations of mineral dust led to a signiﬁ-
cant increase in the ice crystal number concentration. More recent studies by M¨ ohler 15
et al. (2008) showed that bioaerosols and especially some speciﬁc bacteria like Pseu-
domonas Syringae initiate ice formation at warmer temperatures than mineral dust.
Pratt et al. (2009) found that one third of the ice particle residues in one cloud collected
by a Counterﬂow Virtual Impactor (CVI) at high altitude over Wyoming contained bi-
ological markers. Soot and particles containing black carbon (BC) are also known to 20
act as IN, but require much lower temperatures and higher relative humidities for ac-
tivation as compared to bioaerosols and mineral dust (DeMott et al., 1999; Dymarska
et al., 2006). Dymarska et al. (2006) showed that in order to trigger deposition freez-
ing, soot require temperatures lower than −30
◦C and relative humidity with respect to
water close to saturation. Nevertheless Cozic et al. (2008a) found that ice residuals in 25
mixed-phase clouds collected at the high alpine research station Jungfraujoch (JFJ) in
Switzerland have a BC mass enrichment of 27%. As the temperature at the station is
never lower than −30
◦C, these measurements raise some questions: do BC particles
form ice mainly via immersion or/and contact freezing at the Jungfraujoch? Do these
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BC particles have diﬀerent properties than those produced in laboratory and have en-
hanced IN properties in the deposition mode? The ice nucleation properties of BC are
still unclear as a recent study conducted by Kamphus et al. (2010) at the JFJ during the
Cloud and Aerosol Characterization Experiment 6 (CLACE-6) showed no enrichment
of BC in the particles analyzed. 5
So far, very few studies with chambers have been performed in-situ in the free or
upper troposphere, where conditions are favorable for the formation of mixed-phase
and ice clouds. Those studies are summarized in M¨ ohler et al. (2007) and showed that
the IN number concentration could vary from 0.01 to 50 particles per liter for diﬀerent
regions, seasons and altitude. In order to have additional data at diﬀerent locations in 10
the world and information on IN properties of atmospherically relevant aerosols, two
measurement campaigns (PINC II and PINC III) were conducted at the JFJ. A previous
study has been conducted at the JFJ in order to characterize ice crystals sampled
in mixed-phase clouds (Mertes et al., 2007). They found during CLACE-3 an average
concentration of several hundreds ice residuals per liter in one cloud on 24 March 2004 15
using an ice-CVI. PINC II and III were also motivated by the high probability of Saharan
Dust Events (SDE) between March and June (Collaud Coen et al., 2004). This paper
discusses results of IN number concentration and its variation with respect to a SDE at
JFJ. Correlation between BC and IN concentrations are also discussed.
2 Experimental setup 20
2.1 Ice nuclei measurements
2.1.1 The portable ice nucleation chamber
The Portable Ice Nucleation Chamber (PINC) has recently been developed in order to
measure IN concentrations during airborne and ﬁeld campaigns. It is the portable ver-
sion of the Zurich Ice Nucleation Chamber (ZINC) (Stetzer et al., 2008) and its principle 25
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follows the Continuous Flow Diﬀusion Chamber (CFDC) of the University of Colorado
(Rogers, 1988). There are two main diﬀerences between ZINC and PINC, the cooling
system and the size. Brieﬂy, it consists of two ﬂat parallel plate walls which can be
cooled independently of each other to temperatures as low as −47
◦C for the warm
side and −55
◦C for the cold side. Before a measurement, the chamber is ﬂooded with 5
water for a short period in order to produce a thin ice layer on the walls which then is
maintaining a constant relative humidity of ice saturation on the wall surface. By ap-
plying a temperature diﬀerence between both walls, diﬀusion of water vapor leads to
a supersaturation within the chamber which depends on the position between the walls
and the temperature gradient. A continuous ﬂow of sample air, typically 1lpm (liter 10
per minute) – layered between two particle-free sheath ﬂows, typically 4.5lpm each
– is drawn through the chamber to expose the sample to a deﬁned supersaturation
and temperature for a duration of about 8s. It is important to mention that PINC can
only measure in the deposition and condensation freezing modes and to some extent
in the homogeneous freezing mode. The major diﬀerence between our established 15
lab-instrument ZINC and the new PINC instrument is the portable and lightweight cool-
ing system and the reduced chamber length (95cm for PINC versus 180cm for ZINC)
so that the instrument ﬁts into exisiting research aircraft. The PINC cooling system
consists of two independent compressor-based refrigeration systems where the evap-
oration tubes made out of copper are ﬁrmly inserted into drilled channels on the outer 20
sides of the chamber walls. Because a measurement requires a temperature gradient
between the walls, the two systems are not identical. Hence, the cooling system for the
warmer wall consists of two parallel compressors (BD120, Danfoss) while the colder
wall system has in total 5 compressors of the same kind, but connected in a 4+1 man-
ner, meaning 4 parallel units combined with one further in series to obtain a higher com- 25
pression to reach lower temperatures. More details are shown in Fig. 1. The BD120
compressors were chosen because they are specially made for mobile applications.
They run of 24Volts DC and their cooling power can be regulated over a wide range
with pulse-width-modulation (PWM) drivers. They also tolerate tilting of the instrument
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while in operation and are therefore well suited for airborne instruments. In laboratory
tests, we reached sampling conditions of −45
◦C with a relative humidity with respect
to ice (RHi) of 158% and a relative humidity with respect to water (RHw) of 100%. At
these conditions, the wall temperatures are at 222K and 240K for the cold and the
warm wall, respectively. In parallel to the evaporation tubes, several heating pads are 5
attached to each wall which help when positive temperature changes are needed for
one wall and to compensate for possible temperature inhomogeneities within a wall.
The instrument has a short isothermal evaporation section attached at the bottom of
the main chamber, which is cooled by the warm wall cooling system and thus is main-
tained at the warm wall temperature, allowing the section to be saturated with respect 10
to ice but subsaturated with respect to water. Thus, the section allows evaporation
of droplets which may form at/or above water saturation so that they are not falsely
counted as ice crystals by the optical particle counter (OPC) (Climet, OI 3100). The
residence time of a particle in this section is 2.4s and depending on the evaporation
section temperature, droplets will evaporate slower or faster. Figure 2 shows the maxi- 15
mum RHw we can reach before water droplets formed inside the chamber can survive
and be falsely counted as ice crystals by the OPC. The data acquisition system of
PINC is similar to the one of ZINC (Stetzer et al., 2008) but uses the more up-to-date
CRIO architecture (National Instruments). This consist of a real-time computer running
a specialized version of the Labview programming language. It also has a FPGA (ﬁeld 20
programmable gate array) chip to implement certain parts of the code which directly
reads from input and writes to output modules in hardware. Code on the FPGA is very
fast and eﬃcient. We take advantage of this by using simple high-current digital out-
put modules to regulate the power of heatings and compressors with software PWM
drivers which are running inside the FPGA chip. 25
2.1.2 Large particles and wet particles issues
The current setup of PINC uses an OPC to detect ice crystals by size. A particle
is classiﬁed as ice crystal by the OPC when its optical diameter is larger than 3µm.
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Since PINC has been designed for ﬁeld and in-situ measurements, the presence of
large particles as well as water droplets cannot be excluded.
In order to remove the large particle fraction, we used the impactor built for the Diﬀer-
ential Mobility Analyser (DMA) from TSI with an oriﬁce of 0.071cm. Several laboratory
tests with an Aerodynamic Particle Sizer (APS) (TSI, model 3321) and a Scanning 5
Mobility Particle Sizer (SMPS) (TSI, model 3080) sampling ambient air have been per-
formed and Fig. 3 shows the impactor eﬃciency for diﬀerent aerodynamic sizes. The
cutoﬀ d50 is at 0.91µm, aerodynamic diameter. Table 1 shows the conversion between
aerodynamic and optical diameter following Baron and Willeke (2001) (see Eq. 1) as
we need both diameters: 10
da =dp·
ρp
ρ0
1
2
, (1)
with da the aerodynamic diameter, dp the diameter of a spherical particle, ρp the par-
ticles density and ρ0 the standard density of a spherical particle, typically 1g/cm
3.
Cozic et al. (2008b) showed that the submicron particle average density at the JFJ was
1.5g/cm
3, which is the value we use for the conversion in Table 1. 15
The main objective of this study is to focus on deposition nucleation mode, so it is
crucial that the particles sampled are dry. In order to do so, we use a molecular sieve
diﬀusion drier mounted in front of the system. The relative humidity measured at the
exit of the diﬀusion drier is 1% (with a sensor accuracy of ±2%), which is suﬃcient to
remove the moisture from the particles. The particle gravitational loss is 2% for the 20
larger size sampled i.e. 1µm, and the diﬀusion loss for the smallest particles we expect
to be IN (100nm) is below 1%.
2.1.3 Validation experiments using ammonium sulphate aerosol
The sample temperature and relative humidities are calculated from the measured tem-
peratures of the main chamber walls. In order to validate the accuracy of the calcu- 25
lated temperature and relative humidities at the sample position inside the chamber,
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the deliquescence and freezing points of ammonium sulphate (AS) aerosols were in-
vestigated at diﬀerent thermodynamic conditions, because they are well known from
the literature. Figure 4 shows the setup of the experiment. Ammonium sulphate parti-
cles were produced from a 3% (by weight) AS solution which was then atomized. The
droplets went through a molecular sieves diﬀusion drier to crystallize the droplets. The 5
particles were then size selected with the DMA attached to the SMPS before entering
PINC. Validation experiments were performed with 200nm particles at two tempera-
tures, −30
◦C and −40
◦C. The experiments at −30
◦C showed deliquescence of the
particles at 84% RHw at the sample position which is in good agreement by ±2% with
the values obtained by Braban et al. (2001); Kanji and Abbatt (2006). In order to see at 10
which conditions AS could freeze homogeneously, we operate the chamber at −40
◦C
which is below the temperature of homogeneous freezing, and set a RHw above the
deliquescence point of AS. We found that AS froze homogeneously at relative humidi-
ties of 145% and 97% with respect to ice and water, respectively. These values also
agree by ±2% with the theoritical values calculated by Koop et al. (2000) based on the 15
water activity for a 200nm diameter aerosol particle.
2.1.4 Operating conditions during PINC II and III
IN number concentration measurements took place during PINC II (from 24 February–
10 March 2009) and PINC III (from 3–17 June 2009) at the JFJ research station situ-
ated at an altitude 3580ma.s.l. (46
◦33
0 N by 7
◦59
0 E). The JFJ is mostly in free tropo- 20
spheric conditions and is a Global Atmosphere Watch (GAW) station where aerosols
and gases have been measured for several years. Further description of the measure-
ment site are given in Baltensperger et al. (1997).
Kanji and Abbatt (2006) showed that at −30
◦C, the nucleation onset of Saharan dust
was below a RHi of 110% in the deposition mode. Thus in order to activate any possible 25
Saharan dust present at the JFJ, the operating conditions of PINC during this campaign
at the sample position were set to −31
◦C (which is a relevant temperature for mixed-
phase clouds), with a RHi of 127% (RHw=91%). Every measurement point reported in
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Figs. 5, 8, 11 and 12 is a 15min average, with a ﬁve second interval between each IN
count. Due to background signal coming from the chamber, a blank measurement (no
aerosol injected) at the beginning and at the end of a measurement is taken in order to
obtain an average background value that can be substracted from the 15min average
measurement. This background signal is coming from ice peaks that have grown on 5
the walls of the chamber, and is typically less than 3 particles per liter. We usually
re-ice the chamber after 2h of ambient measurements, when the background signal
exceeds 5 particles per liter.
2.2 Black carbon measurements
Downstream of the inlet, a Multi-Angle Absorption Photometer (MAAP, Thermo ESM, 10
Andersen) operated at a nominal wavelength of λ=630nm (Petzold and Sch¨ onlinner,
2004) was used to measure the light absorption coeﬃcient from which the BC mass
concentration was derived using a mass absorption eﬃciency of 6.6m
2/g.
2.3 Detection of Saharan Dust Events
The dry particle scattering coeﬃcient σsp was measured by an integrated nephelometer 15
(IN, TSI 3563) simultaneously at three diﬀerent wavelengths (λ=450, 550 and 700nm).
The data are collected with a ﬁve minutes resolution and an hourly average was calcu-
lated from these data. The absorption coeﬃcient σap was measured by an aethalome-
ter (AE-31, Magee Scientiﬁc) at seven wavelengths (λ=370, 470, 520, 590, 660, 880
and 950nm). The calculation of σap was done following Weingartner et al. (2003). 20
The scattering and absorption coeﬃcients are used to derive the single scattering
albedo (SSA) exponent α, which describes the wavelength dependence of the SSA:
SSA=bSSA×λ−αSSA, (2)
A dust event is notiﬁed only if the SSA exponent is negative for more than 4h consec-
utively. More details can be found in Collaud Coen et al. (2004). 25
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These instruments were complemented by an optical particle counter (OPC, Grimm
Dust monitor 1.108) measuring the dry particle size distribution in the diameter range
of 0.3 to 20µm behind the total aerosol inlet. The factory calibration of the OPC was
done with LATEX spheres. Schwikowski et al. (1995) found that there is an increase
in the coarse fraction of the aerosol size distribution during a SDE, suggesting that an 5
increase in the supermicron mode detected by the OPC is also a good indicator of dust
load at the JFJ.
In order to predict a SDE we used the BSC-DREAM dust model forecast (Nickovic
et al., 2001; P´ erez et al., 2006a,b) from the Barcelona Supercomputing Center (BSC).
Distribution of dust load around the Mediterranean region can be forecasted 72h in 10
advance, and wind proﬁles can also be observed. In complement, we used that tool in
combination with the Lagranto model (Wernli and Davies, 1997) to calculate backtra-
jectories arriving at the JFJ during the days of interest. This allow us to investigate the
origin of air masses and to interpretate our data.
3 Results and discussion 15
3.1 Ice nuclei number concentration
3.1.1 Non-SDE days
Due to some instrumentation problems, some days during both campaigns are not re-
ported in the ﬁgures. IN number concentration in the deposition freezing mode from 1
to 10 March are reported in Fig. 5a. The IN number concentration for the ﬁrst 8 days 20
is below 10 particles per liter, however there is an increase on 9 and 10 March. The IN
number concentration during these two days reached 20 particles per liter. By investi-
gating the SSA exponent, we can see that on 9 March, the exponent was below zero
for short periods of time, suggesting that there was a possibility of mineral dust being
present. On 10 March, the SSA exponent was positive most of the sampling time. In 25
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order to trace a possible presence of dust, backward trajectories have been calculated
for these two days to see if a SDE was passing throught the research station. Fig-
ure 7 shows the 4-day backtrajectories and Fig. 6 shows the dust load over Northern
Africa and Europe. Both backward trajectories show no evidence of dust arriving at
JFJ, meaning that the higher IN number concentration on these two days must have 5
a diﬀerent source. We speculate that this increase could be connected to higher bio-
logical activity coming from plants (mainly bacteria regarding their size and our cutoﬀ
size), but due to the lack of bio-detection instruments, this assumption can not be veri-
ﬁed. The average IN number concentration of the measurement period of PINC II is 8
particles per liter. In comparison, Mertes et al. (2007) found a number of ice residuals 10
two orders of magnitude higher than our results. This can be explained by the fact
that we are investigating only one freezing mode, neglecting immersion, condensation
and contact freezing. Moreover, we have restricted our size range of particles sampled
up to 1µm aerodynamic diameter. Finally, the ice residuals sampled might have had
another origin and were not formed recently before it was collected by the ice-CVI. 15
In Fig. 8a, the IN number concentration from 10 to 16 June is shown. The average
ambient IN number concentration (not inﬂuenced by SDEs) is around 14 particles per
liter which is twice as high as at the beginning of March. Klein et al. (2010) has recently
found a IN number concentration of about 40 IN per liter at the Taunus Observatory
at a temperature of −18
◦C. It is important to mention that in their study, the particle 20
size range sampled is from 0.2 to 12µm whereas we sampled particles with an upper
size limit of 1µm aerodynamic diameter. Furthermore they might have a constant
inﬂuence of the Planetary Boundary Layer (PBL), which contributes to a higher number
of particles, meaning more potential IN. As another comparison, Richardson et al.
(2007) using a CFDC found IN number concentration varying from 1 to 10 IN per liter 25
during Spring at the Storm Peak Laboratory (SPL) situated in the Rocky Mountains of
Northwestern Colorado (USA). The SPL is located at 3210m above mean sea level
(MSL) and is comparable to the altitude of the Jungfraujoch. The average IN number
concentration found during our campaigns are in good agreement with their results
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at the same thermodynamic conditions. Higher concentrations (>25IN/liter) could be
observed on four diﬀerent days, 11, 14, 15 and 16 June. This is discussed in the
following sections.
3.1.2 During a SDE
Two SDE occured on 15 and 16 June (see Fig. 8) according to the methodology dis- 5
cussed in Sect. 2.3 and used by Collaud Coen et al. (2004) to assess the presence of
SDE. The IN number concentration increased by 10 to 20 times compared to typical
IN concentrations. This result is in good agreement with the results from DeMott et al.
(2003b) who found a signiﬁcant increase in IN number concentration of 20 to 100 times
when they sampled within transported African dust layers over Florida. Note that the 10
operating temperature during PINC III was 5
◦C higher than that of the CFDC during the
DeMott et al. (2003b) study. This high increase in IN number concentration is in very
good agreement with the recent study by Klein et al. (2010) who found a concentration
of IN 10 times higher than a typical day during a Saharan dust episode at the Taunus
Observatory in Germany. On 16 June the IN number concentration is slightly higher 15
than on a typical measurement day due to the SDE contribution, but is less intense
than the one on 15 June. This is supported by Fig. 8d which shows the time series
of the aerosol particle concentration in the accumulation mode. The particle number
concentration on 16 June is only half of that measured on 15 June meaning that other
parameters like the chemical composition of mineral dust or its size might play a role 20
as the IN number concentration is about 10 times higher on 15 June than on 16 June.
We investigated the dust load and backward trajectories shown in Figs. 9 and 10, re-
spectively, to trace the sources of the mineral dust we sampled. Figure 9 shows that on
15 June the air mass was coming from North Africa, where the dust concentration was
high (around 0.75g/m
2). On the other hand, on 16 June, the air mass came from the 25
North Atlantic Ocean where a low dust load was present (<0.3g/m
2). This may explain
the diﬀerence in the concentration of ice crystals measured on these two days.
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3.1.3 High IN number concentration during non SDE
Two SDE were clearly detected via optical means but the intensity was totally diﬀerent.
On 11 June (afternoon) and 14 June, higher concentration as compared to 16 June
were observed, but as shown in Fig. 8, the SSA exponent was not negative. Figures 9
and 10 show that air masses on 14 June were coming from North Africa and contain 5
high dust loads which would explain the increase in IN number concentration on that
day. In comparison with 15 June, the IN concentration is more irregular on 14 June.
We observed a very high concentration in the morning followed by a decrease at noon.
Then in the beginning of the afternoon, high IN concentration could be observed again
followed by a steep drop in the evening. These variations in concentration at noon 10
can be explained by the fact that during summer, the JFJ can be inﬂuenced by the
PBL, therefore increasing the aerosol number concentration in the accumulation mode
for a short period if the PBL is oscillating around the altitude of the research station.
Note that investigating the number concentration of the accumulation mode is a good
indicator of the PBL inﬂuence (Nyeki et al., 1998). This is supported by data shown 15
in Fig. 8d, where we observe oscillation in the accumulation mode concentration with
a maximum in the morning, followed by a steep decrease at noon. Then, an increase in
the early afternoon is followed by a decrease towards the evening. These oscillations
in dust concentrations can also explain why the SDE on 14 June was not detected by
optical means. As described in Sect. 2.3, a SDE is considered to occur only if the 20
SSA exponent is negative for at least four hours consecutively. The contribution of the
dust load was probably not high enough to inﬂuence σsp. On 11 June, the air masses
arriving at the JFJ did not contain any dust according to Figs. 9 and 10, but a sudden
increase could be observed at around 05:00p.m., for a short time. Figure 8c shows
that at this time, the SSA exponent started to be <0 which suggest that it may have 25
been a dust contribution that had been transported across the North Atlantic Ocean to
the JFJ research station.
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3.2 Correlations of IN with mineral dust
Previous studies (Archuleta et al., 2005; Welti et al., 2009; Kanji and Abbatt, 2009)
showed that the size of mineral dust plays an important role in the ice nucleation ef-
ﬁciency of the particles, and that the larger, the more eﬃcient the particles are. This
is conﬁrmed by Mertes et al. (2007); Kamphus et al. (2010) who found a larger num- 5
ber concentration of larger particles in the ice residuals sampled during CLACE-3 and
6, respectively. As mentioned in Sect. 2.3, Schwikowski et al. (1995) showed that
the concentration of larger particles is higher during a dust event than for a non SDE
event. We investigate a possible correlation between the IN number concentration and
the increase in number of larger particles. We used data from the OPC (Grimm Dust 10
monitor 1.108) connected to the total aerosol inlet that counts particles in a size range
from 0.3µm to 20µm. Due to the use of an impactor connected at the entrance of
PINC, we only investigate particle sizes up to 0.8µm. The OPC data are also aver-
aged in order to match the time resolution of the IN measurements. Figure 11 shows
the IN number concentration as a function of each size class for PINC II and III. Parti- 15
cles of 0.3<diameter(D)<0.5µm show a correlation coeﬃcient R
2 of 0.69 (see Table 2)
whereas particles of 0.5<D<0.8µm show a better correlation (R
2=0.88) with the IN
number concentration. This correlation suggests that the higher concentration of parti-
cles larger than 0.5µm, the higher IN number concentration we detect. This method is
complementary to the one used by Collaud Coen et al. (2004), as it allows the detection 20
of dust for a short period as for example the observation on 14 June.
3.3 Correlations of IN with BC
One of our motivations was to investigate if the formation of ice crystals could have
been inﬂuenced by the presence of BC. It is important to note that IN are counted
as number concentration whereas the BC concentration is expressed in mass con- 25
centrations. We have integrated the BC mass concentration (derived from the MAAP)
over 15min to match the time of our IN measurements. During a SDE the absorption
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coeﬃcient increases due to absorbant compounds found in mineral dust. In order to
avoid biases due to SDE, and also to assess which other types of particles might act
as IN during a non SDE day, we have only investigated the BC dependency on non
SDE days as shown in Fig. 12. The correlation coeﬃcient R
2 between the BC con-
centration and the IN number concentration is 0.12. It is thus not possible to conclude 5
that BC has an impact on the variation of the IN number concentration, although Cozic
et al. (2008a) found an enrichment in BC in the ice residuals measured during three
CLACE campaigns. In addition, the MAAP derives a BC concentration from a calcu-
lated absorption coeﬃcient, meaning that some absorbant compounds could falsely be
classiﬁed as BC, and this is especially the case in presence of high concentrations of 10
mineral dust (Collaud Coen et al., 2004). This weak correlation found is however in
good agreement with the recent study of Kamphus et al. (2010) which found no BC
enrichment in the ice residuals during CLACE 6.
4 Conclusions
This paper discussed in-situ measurements of IN number concentration and their prop- 15
erties during Saharan Dust Events at the high alpine research station Jungfraujoch
(JFJ) at ambient thermodynamic conditions. We showed that the IN number concen-
tration can increase by one order of magnitude during a SDE, but can also increase
by just a factor of 2, suggesting that SDE have diﬀerent intensities but also that their
properties might play an important role in the ice nucleation eﬃciency of the parti- 20
cles. Future work at the JFJ will require instrumentation that can measure the chem-
ical composition as a function of the size of the particles as was done in the DeMott
et al. (2003a) study. We also showed that we have a better correlation between the IN
number concentration and the larger aerosol particles (counted by the optical particle
counter). 25
Investigation of the BC dependence of the IN concentration has been performed
as well, and the results showed that there is no correlation between BC mass
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concentration and IN number concentration. However this is not conclusive and single
particle analysis would be required to see if the ice crystals formed in PINC contain BC.
Another important fact is that we worked at conditions where only deposition freezing
could take place, meaning that both condensation and immersion freezing onto parti-
cles sampled are not investigated. Furthermore, particles larger than 1µm were not 5
entering the chamber, thus reducing the IN number concentration investigated. BC
particles could trigger nucleation via immersion or contact freezing which this study
did not investigate. Investigation of immersion freezing with the new chamber IMCA
developed at our institute (L¨ u¨ ond et al., 2010) in combination with a Soot Photometer
(SP2) could help to investigate the possible role of BC in future campaigns. 10
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Table 1. Conversion table from optical to aerodynamic diameter following Baron and Willeke
(2001) and assuming an average particle density of 1.5g/cm
3 (Cozic et al., 2008b).
optical diameter (µm) aerodynamic diameter (µm)
0.3 0.367
0.4 0.49
0.5 0.612
0.65 0.796
0.8 0.98
1.0 1.225
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Table 2. Linear regression correlation coeﬃcient R
2, slope and oﬀset for diﬀerent cases.
Conditions R
2 slope oﬀset (cm
−3)
size class: 0.3<D<0.5µm
no dust (97 measurement points) 0.07 0.0009 0.0092
SDE (34 measurement points) 0.74 0.01397 0.06523
all days (131 measurement points) 0.69 0.01006 −0.0231
size class: 0.5<D<0.8µm
no dust 0.13 0.01945 0.00634
SDE 0.81 0.04978 0.00586
all days 0.88 0.05132 −0.00259
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Fig. 1. Schematic of the cooling system in PINC.
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Fig. 2. Experimental determination of the water droplet survival line (water breakthrough) for
diﬀerent temperatures. Above the droplet survival line, the OPC can not distinguish ice crystals
and water droplets.
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Fig. 3. Aerosol penetrating fraction of the impactor used. Note the sharp cut-oﬀ at 1µm
aerodynamic diameter. The magenta curve is the sigmoid ﬁt of the blue data points. Green
error bars represent the standard deviation of the measurements.
23729ACPD
10, 23705–23738, 2010
Ice nuclei properties
at the Jungfraujoch
within a Saharan
Dust Event
C. Chou et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
Fig. 4. Experimental setup to study the deliquescence point of ammonium sulphate at −30
◦C
and freezing of AS at −40
◦C.
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Fig. 5. (a) Time series of the 15min IN average number concentration (particles/liter) from 1 to
11 March 2009. (b) Particles concentration per size class. (c) Single Scattering Albedo (SSA)
exponent value. (d) Particles number concentration in the accumulation mode.
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Fig. 6. Dust load distribution over the Mediterranean region on 9 and 10 March 2009 at
12:00p.m.UTC.
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Fig. 7. Four days backtrajectories on 9 and 10 March 2009 at Jungfraujoch at 12:00p.m.UTC.
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Fig. 8. (a) Time series of IN average number concentration (particles/liter) from 10 to 16 June
2009. (b) Particles concentration per size class. (c) Single Scattering Albedo (SSA) exponent
value. (d) Particles number concentration in the accumulation mode.
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Fig. 9. Dust load distribution over the Mediterranean region on 11, 14, 15 and 16 June 2009 at
12:00p.m.UTC.
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Fig. 10. Four days backtrajectories on 11, 14, 15 and 16 June 2009 at Jungfraujoch at
12:00p.m.UTC.
23736ACPD
10, 23705–23738, 2010
Ice nuclei properties
at the Jungfraujoch
within a Saharan
Dust Event
C. Chou et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
Fig. 11. IN number concentration versus particles number concentration of diﬀerent size
classes: blue triangles represents non SDE measurements and magenta ones, SDE mea-
surements.
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Fig. 12. IN number concentration versus BC concentration during PINC II and III on clear days.
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